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EQERIMENTAL INVBSTIGPLTIOPI O F  FORCED-COmTION HEAT-TRANSFER . 
CHARACTERISTICS OF UXD-BBMUTH EUTECTIC 

The forced-convection  heat-tranafer  characteristics of an eutectic 
mixture of lead and bismuth were experbmrhlly investigated. Data were 
obtained fo r  lead-bismuth flowing in a circular  tube  with heat addltion 
and f cr lead-biau-bh flaring Fn an armulm wlth heat extraction from the 
inner  surface. Data were aleo obtained with  about 0.04 percent by 
weight of magnesium added to   t he   l ead -b imth  t o  prmote wetting of the 
heat-tranefer surfacee. The imest igat ion covered an over-all range of 
Peclet nutubers fram 250 t o  3800. 

. 
- 

The results of the  investigation showed that experlmentd values of 
Nusselt nmiber for  led-bismuth P a l l  considembly below W u e s  predicted 
by equations generally used f o r  liquid-metal heat tramfer. The addition 
of magnesium to   the  pure ewtectio, to came w e t t i n g  of the heat transfer 
surfaces, did m t  change the heat-transfer characteristics of the lead- 
biamuth. 

Ln view of the  potential usefulness of l iquid metals i n  pawar a d  
propulsion  applications where high  temperature heat transfer m d f a  are 
required, and because relatively l i t t l e  is known about liquTd-metal heat 
transfer, a research program has been insti tuted a t  the  MACA Lewis labora- 
tory t o  obtain fundamental M o m t i o n  on heat  transfer between liquid 
metals a d  surfaces. 

This report present8 the results of an experimental investigation 
of the heat-transfer characteristics of lea-biemuth  eutectic. Data 
were obtained f o r  heat.Etddition t o  lead-bismuth flowing i n  a circular  
tube and f o r  lead-bismuth flowing in an annulus with heat extraction 
from the inner surface. The effect  on the heat-trsnsfer  characteristius 
of adding a wetting  agent (magnesium) t o  the lead-biamuth w a s  

b 

I investigated. 
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The investigation covered an over-all range of Peclet numbers f rom 
250 t o  about 3800. 

A photograph of the test setup is shown in  figure 1; a schematic 
diagram of the fluw path of the liquid metal is ehown i n  figure 2. 
From figure 2, it can be seen that the liquid metal flows into the 
circulating pump f’rm.the storage tank. The liquid metal is pumped 
through the test and heating  sections (shown i n  more de ta i l  in fig. 3), 
then flows through a cooler and a back-pressure regulating valve into a 
flow-meaeuring tank. From the flow-measurirg tanlc, the metal is retuimed 
t o  the storage tank. The components of the setup are described i n  more 
detail i n  the following paragrapher: 

Storage tank. - The storage kank serves as a reservoir for the 
liquid m e t a l  when the system is not in operation and mainkine a 
r e l a t ive ly   omtan t  head of metal at  the pump inlet when the system is . 
i n  operation. The tank i e  made of 347 stainless s tee l  ard has an inner 
diameter of 24 inches ani a depth of about 13 inchs~. A n  air-actuated 
valve was located a t  the tank exi t   to   control   the  filling and emptying 
of the tank. During operation, the space above the 1FQuIA metal was 
f i l led  with argon. 

Circulating pump. - The circulating pumg is a Moyno Rram 4C-4, 
Type SSG, progressing-cavlty pump driven by a 5 horsepower e lec t r ic  
motor through a v-belt ty-pe of variable-sped  transmission. The pmp 
rotor and s ta tor  were of 316 and 416 stainless steel,  respectively. 
Graphite an3 asbestos packing wa8 used fo r  the sealing gland. The 
liquid-metal l lm rate was controlled by varying the pump speed. 

Test and heat- sectioq. - The test and heating  section (see 
flg. 3) consists  essentially of o m  etainlese-steel  tube suspended within 
another. The section is mouted  vertimlly and liquid metal fra the 
pump flaws upward in  the  inner  tube and downward in  the annular passage 
between the inner and outer  txbee. The upper portion of ths  section ie 
heated by passing an electric  current through it. Therefore, i n   t he  
luwer portion, which ifl the test section proper, the liquid metal is at  
a higher temperature i n  the annulus than in   the  center  tube; a& heat 
is transferred f r o m  the liquid m e t a l  in the wmlus t o  that in the  center 
tabe. This arrangement prevents  heat from 3ebg generated i n  t h e  liquid 
metal, which is an  e lectr ic   coductor ,   in  the test   section proper. Also, 

’ inasmuch as the rest of the circulating system is a t  the mme e lec t r ic  
potential a8 the lower electric contact, no current flaws through this 
part of the eyetam. 

The test and heating section was rnade of 347 stainlees steel. The 
inner  tube had an outside  diameter of 0.5 inch and a wall thickness of 

N 
CI) 
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s 0.049 inch. The outer t5be had an outside dianeter of 0.75 inch and a 
w a U  thickness of 0.0625 inch. The lmar or   tes t   sect ion was 40.2 inches 
long, and the upper o r  heating section was about 48 .inches long. Mixing 
c u b e r s  were provided at  each end of t b e  t e s t  sectfon for  both the 
inner and outer passages. These chambers contained baff les  f o r  mixing 
the  l iquid metal pr io r  t o  measuring the mean tmrperature. The -liquid 
metal temperatures were  measured  by means of chromsl-alum1 thermocouples 
located downstraam  of the baffles in the mixirg chanbers. 

ro 
i\3 w 
r" Cooler. - The lead-bismuth leaving the test section was cooled to  

below the maximum permissible pump temperature in a cooler. Tnis was 
simply a length of stainless s t ee l  tubing  surrourded by an annulaz 
passage through which water was passed. 

Back-pressure r e m t w  valve. - A n  air controlled,  1-inch valve 
made of 347 stainless   s teel  w a s  used as a baok-pressure regulating  valve 
t o  keep the annular paseage in the test and heatlng section fu l l  of 
liquid metal. This was necessary .to prevent  burnqut of the heating 
seotion and to make certain that me test data  w e r e  taken with  the 
annulus of the test section full of liquid metal. A n  electrio  contaot 
located at the top of the heating section was connected w i t h  an indicator 
l ight to show when the annulus w a s  full. 

~ 

Flow-measuring tank. - The flaw-masuring tgtnk w a s  made of 
347 stainless steel. It had an inside diameter of 10  inches and a 
height of 17 lnchee. P-n air-actuated valve locabed in the bottom of 
the tank controlled  the .filling and emptying of the tank. Electrio 
contacts,  located a t  differant depths in the tank, were connected t o  a 
dock  circuit. Operation of the tank w a s  as follows: When a flow 
measuremnt w a s  to be made the valve w a s  olosed and the tmk s t a r t e d  
to fill with l iquid metal. When the  liquid lnstal touched the first 
contact the clock started.  When the tank filled enough for   the metal 
t o  touch the second contact, -the clock etopped and the valve opened, 
From the tank v o l m  between contacts and the tims  required t o  fill 
this volume, the  volume rate of flow w a s  obtained. TheMnooouples were 
looated in the tank t o  measure the  temperature and, hence, t h e  deneity 
of the  liquid metal. The weight flow was obtained from the  density and 
volume-flow rate. 

Contacts were provided fo r  two volupee to more e a s i l y  accommodats 
high- and lm-flm rates. During operation,  the  space in the tank above 
the  surface of the liqufd metal was filled with argon. 

. Electric equipment. - Power was supplied to  the  heating  section from 
a 208 volt, 60 cycle supply l i ne  through a saturable-core r e a u t o r ,  and 
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aaturable-core  reactor  pemittsd voltage regulation from the maximum of 
25 volts down to  about 1 volt. The low-voltage leads of the  transformer 
were com.@x& through oopper b~pl bars and flexible  Ieads  to  the heat- 
section. About 70 KVA of additional  electric power was available for 
the starting heaters. These heaters were .of nichrome wire  insulated by 
ceramiu beads. They were  wrapped around each oca@onent of the  setup 
and connecting  piping for the purpose of heating the  entire system above 
the melting point of the  liquid metal, 

Chramel-alumel thermocouples were  peened Fnto the walls of the rl 
M cv 
CI] various  pieoes of. apparatus t o  measure the temperatures of the com.ponents. 

Miscellaneous. - The various components of the setup were connected 
by ei ther  welded or  flanged joirrt;s. A l l  welds were made with 347 stain- 
less steel welding rd.  A U .  flanges were of 347 eta3nless  steel  with 
Anohor Packing Company, Ankorite 484-A gashets. 

The entire  apparatus was themal.ly insulated by a cover- of 
85 percent mgnesia and mulating cement. 

Provision was made for  purging the entire syatem with argon. 

PROCEDURE 

The t e s t  procedure wae as follows: The entire system was purged 
with argon fo r  one hour. Start ing heabrs were then  turned on an& the 
apparatus was heated until a l l  temperatures were above the  melting 
point of the liquid mstal. The pmrp was then s t a r t e d  and the  storage 
tank valve opened, beginning operation. The main pwer supply to the 
heating  section was then turned on and se t  a t  the  desired  level;  the 
starting  heatere were turned off. Fluid velocity wae se t  a t  the  deeired 
level by adjusting.the pump speed. After  equillbrium conditione had 
been obtained, all the f l u i d  temperature  readfngs were recorded and 
the f l o w  ra te  was measured. This procedure was repeated far a range 
of flow rates. 

SYMBOLS 

The follawing symbols are used i n  th i e  report: 

a a constant 

b a constant . .  . . .  

B a function  defined by equation (18a) of the appendix 



a NACA RM E51GOZ 

C P 

cP ‘ 

D 

D2 

h 

h* 

. k 

k‘ 

L 

MU 

Nu ’ 

Pe 

Pe 

. Q 

S - 
S’ 

specific  heat of l iqu id  m e t a l  in  test-section inner passage, 
Btu/lb, ?F 

specific heat of liquid _ m e t a l  in  test-section annulw, 
Btu/lb, OF 

inside diameter of tes21”eection inner passage, 0.0335 f t  

outside d i w t e r  of test-section inner passage ( imide  diameter 
of test  section  annulus), 0.0417 f t  

outside  dfameter of test-section annulus, 0.0521 f t  

f i l m  heat-tmnsfer  ccefficient  inside of test-section  inner 
passage, Btu/eec, sq f t  , OF 

film heat-transfer  ooefficient  outside of %est-section inner 
passage, Bku/sec, sq f’t, OF 

5 

thermal conductivity of liquid metal in  test-section inner 
passage, Btu/sec, sq f’t, 

themal  con3uctivIty of liquid met& in test-section  annulus, 
Btu/sec,  sq ft, -/rt 

t h e m 1  conductivity of inner  tube  material (347 stainless .  steel), 
Btu/sec, sq ft, OF/€% 

length of test   section, 3.35 ft 

Nusselt  nmber of liquid mtal in  test-section inner passage, 
W k  

Peclet number of liquid metal in test-section  inner passage, 
PvD op/k 

Peclet number of liquid metal in test-section annulus, 
p * V f  (D2-DI) %*/kt 

total heat tmmferred, Btu/sec 

heat-transrer  surface area of test-section inner passage, sq ft 

heat-transfer surface area of test-section annulus, sq f t  
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Ti temperature of liquid metal entering  test-section  inner  passage, OF 

Tit temperature of liquid metal entering test-motion annulus, 9 

TO temperature of llquid metal leaving  test-section inner passage, 
OF 

To' temperature of' liquid  metal leaving teet-section annulus, OF 

V velocity of liquid  metal in test-section inner passage,  ft;/sec 

V' velocity of liquLd  metal in test-section annulw, ft/sec 

W weight flow of liquid metal, lb/sec 

X a constant 

AT average  temperature  difference  between  liquid metal in annulus 
and that In inner passage, [(Til + To')-(To + Tig/2, OF 

ATf average  temperature  difference  across  liquid-metal film on Inside 
of inner passage, OF 

ATf' avemge temperature  difference acros~ liquid-metal film on outside 
of' test-section inner tube, OP. 

ATm temperature  difference  across  the mterial of the test-eection 
* inner tube, 9 

P density  of  liquid  metal in test-section inner paseage, lb/cu f't' 

P '  density  of  liquid metal in test-section  annulus,  lb/cu ft 

Ths heat-transfer.coefficl&s for heat  addition to lead-bismuth 
flowing in the  teat-secticn center passage a& for lead-bismuth flawing 
in the  test-section annulus with heat extraction from the inner surface 
are defined a0 follows: 

Q h =- 
aTf 
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The values of Q, S a d  S t  a r e  h m n  since 

N 
N w 
P 

S = XDL (4) 

S '  c z D ~ L  (5) 

The speclfic heat cp ant3 all other physicaL propertlee of the 
liquid metal wed in t h i s  section aTe evaluated a t  the  arithmetic average 
of C 3 i n l e t  end outlet  tamperatures of the  pertinent  test-eecticn 
paeaage (center passage or m n u h ~ ) .  The physical properties of the 
eutectic  mixture of lead and bislnuth are obkined from reference 1 and 
are unuwn as functions of temperature in figure 4. In some cases 
extrapolation of the data wa8 necessary, and for  these conditions  the- 
curves are shown dotted. 

To ccmplete the determir!ation of h aTla hr by mane of equa- 
tiom (1) a d  ( Z ) ,  there remains the problem of determining ATf 
and ATf'. The overall-average temperature differenoe between the lead- 
bianuth in the annulus and in the center pagsage ia 

- 

. 

The overall-average temperature difference may be divided into 
three pa;rte 

where & is evaluated at the average of the Iiquid-metal temyeratures 
fn. the  center passage aTld annulus. The variation of k;, w i t h  temperature 
is shown in figure 4. 

Conibining equations (6), ( 7 )  and (8) gives 
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In  order 
between ATf 
determined &e 

t o  deternine ATf and ATf*, another relationship - 
and ATfI m u s t  be found. The ra t io  ATf/ATf * aan be 
follows: mom equations (I), ( z ) ,  (4) and (5) 

ATf Dlh' 
- = -  
ATf e Dh 

but by def lnltion 

Equation (10) may therefore be rewritten, using equations (ll) 
(12) 

Here, in order t o  analyze the experimental data, an eesumption 
muert k e  =de a0 to the value of the ratio I?u*/h. The fo1lcwk-g 
relations for Nu and Nu' are suggested in reference 1 an&are  
currently, c m n l y  wed for ergwering calculations. 

Nu = 7 + 0.025 (Pe)O** (14 1 

N u *  = 5.8 + 0.020 (Pe t )o*8  - (15) 

It w i l l  be a0sumed In this analysis that the absolute values of Ru 
and Nu* are not necessarily given by equations <14) and (151, but that 
the ratio Nu*/Mu, for the purpose of substitution i n  equation ( W ) ,  can 
be obixined from equations (14) and (15). A discussion of the effect of 
this assmytion is fond in the appendix. 

Acuordhgly,  *he ra t io ,  NU*/NU, waB 8ss-d. to be 

Nut 5.8 + 0.020 (Pe*)Om8 
Nu 7 + 0.025 (Pe) Oms 
-a= 
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-I" ATf k' '1 5.8 + 0,020 (Pef)o*8 
ATf ' '2-=1 7 + 0.025 (Pe) O o 8  

The Peo le t  numbers a m  defined 

P*v*(D~-D~)c- 
Pee = -. 

k *- 

where V and V' are readily  determined 

4w 
- xD2p 
V" 

ani 

The temperature differences ATf and ATf * can be determined by 
simultaneous  solution of equatiori (9) and (17) 

Heat  transfer  with 110 wetting  agent. - L-iquid-Ftal  heat-transfer 
data a r e  generally 'correlated b3; plo t t ing  Nusselt number againbt 
Peclet  number. Figure 5 shows such a plot cf data obtained in the 
present investQation with the eutectic mixture of lead and bismuth 
(44.5.percent by weight cf lead). Figure 5(a) shows the  first  aet 
of run8 (numbers 1 t o  231, and figure 5(b) shows the second  set of runa 
(numbers 24 to 50). The second set cf runa m e  taken at a later date 
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than the first set; the data of the eecond  Bet are more consistent due 
t o  improve& opera.ting techniques. No wetting agent was used in 
obtaining the data of figure 5 ,  6nd lack of 'ltinni~m of the surfaces 
i n  contact with the  liquid metal indicated that no wetting was 
obtained. D a t a  are shown for heat addition to  the  l iquid metal i n  the 
center passage of the t e a t  Election, and fo r  heat  extraction f'rcpn the 
liquid metal in the annulus. Included in f1.gut-e 5 are curves repre- 
senting equations (14) and (15) (reference 1). 

It is seen that the present data .falls considerably belaw the 
values predicted by equations (14) and (15). The agreement between 
the present data and the reference curves becanes s a m e w h a t  better as 
the  Peclet number l e  -5ncretlsed. As the Peclet m b e r  apprmchee 
zero, the  present data appear to approach a limiting value of 
Mselt nwnber which is i n  substantial agreement with the predicted 
values f o r  laminar flow. These values a r e  3.65 for heat  tranafer at 
G o I l E l t a n t  wall temperature and 4.36 far constant  heat  input per unit 
length of passage (references 2 and 3). 

. . . .. . .. .. . 

. .  . . .  . .  

Heat transfer with wettine  agent. - Figure 6 ahme the data 
obtaineb with about 0.04 percent by weight of magnesim added t o  the 
l ead-b imth  eutectic to &ornote wetting of the &at-trand'er surfaces. 
Figure 6(a) is the first set cf runs (nwnbers 51 t o  75) with magnesium 
added, a d  figure 6 (b) is the Becond set of run8 (numbers 76 t o  100) 
with magnesium added. The second se t  of runs was taken at  a later 
date  than the first set;' both se ta  w e r e  taken at  a later date than the 
rune with no znagneslum added. The consistency of the dah- improves 
wfrt;h time due t o  imprmements in operating'technique. Included in 
figure 6 are curves representing  ecuations (14) and -( 15). 

"Tinning" cf the surfaces in contact with the lead-bimth  indicated 
that, w h e r e a s  the pure eutectic  did  not wet the stainless   s teel  surfaces, 
the  addition of about 0.04 percent magnesium caused wetting of the 
stainless steel surfacee. It is seen  %&%.the d a t a  in  f igure 6 again 
fall considerably below the values predicted by equations (14) and (l5). 
The agreement between the present data and the reference curvet3 becomes 
somewhat better  as  the  'Peclet number is .increased. 

Figure 7 is a summary plot showing the data of' figures 5 and 6 .  
Within the  accuracy of the experimental data, no noticeable  effect of 
wetting was obtained. A similar result waa presented i n  reference 4, 
w h e r e  it was fouzld that the  heat transfer between surfaces aM3. mercuqy 
was the same, regadless  of whether the l iquid  metal wetted the walls 
or  not. 
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SUMMARY OF RESULTS 

The resul ts  of this lnvestigation of forced-convection heat  transfer 
between stainless steel surfaces-azad the eutectic m i x t u r e  of lead and 
bismuth, for Peclet numbers from 250 to 3800, can be swmmrized es 
follows : 

1. The present experimental values of Iyueselt nmiber fall con- 
R) 
03 

P 

siderably belaw values gredicted by quatiom which are generally used 
rH for liquid-metal heat &fer. 

2. The  addition of about 0.04 percent by weight of magnesium 
to the pure eutectic, t o  cause wetting of the heat-transfer  surfaces, 
did not change the heat-transfer characteristics of the lead-bislmzth. 

Lewls Flight  Propulsion Laboratory, 

Cleveland, Ohio. 
National Advisory Coupittee for Aeronautics, 
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h a m u c h  as wall  temperatures of the inner tube were not meseured 
in the  preeent  investigation, only the overall heat-transfer  coefficient 
could be obtained directly from the data. The separate surface 
coefficients for the inner tube and fo r  the annulm cannot be obtained 
without introducing aasumptione ae t o  their  functional  relation with 
other measured parameters such as Reynolds or Peclet rmmberls. 

h e m p t i o n  Of WWtiOn (16 . - It wae assumed previously that the 
re la t iom given in reference 1 quatlons (14) aDd (15)) could be w e d  

This may be rewritten, approximately, as 

rl 
M 
Fo 
N 

The exysrimental data were previously qvaluated wing equation (A2),  
and the results are shown in figures 5, 6 ,  anl 7. Using  the data of 
figure 6(b), which ha6 the least scatter,  it is found that the data can 
be represented by the folluwir!g equatione 

N u r  t 3.28 + 0.0115 

Nu = 3.95 + 0.0138 (Pe)Oo8 

The d a t a  of figure 6(b) and the lines representing  equations (A3) 
and (A4) are p lo t t eL in  figure 8(a) . It is important t o  note  here that 
equations ( A 3 )  ard (A4) (and all similar equatione mentioned later in 
the appendix) are not intended a8 proposed correlating  equations for  a l l  
liquid metals or even f o r  lead-bismuth. These equntions are presentail to 
indicate tha% the data  are  cormistent, that is, it is possible t o  f id . 

eqmtiom which will satisfactorily  represent  the  data  ard also satisfy 
the requirements of the asamptione. The daw .presented in t h i s  report 
are insuff ioient by .themaclves t o  just-if'y the proposal, of a correlating 
equation because they are only concerzsd tilth one liquid mete.1 and that 
over a llmited range of Peclet number. 

EQuations (A3)  and - (A4)  have the f o m  of 'equation8 (14) and (15) 
and satisfy the requirements of equation (A2). The conatants and . 



L NACA EM E5lGO2 13 

- coefficients are,  hcwever, not i n  agreement with  those of equations (14) 
and (15). It would therefore be of interest   to   invest igate  .the effect  
of changes in the  constants and ccefficients assumed in equations (Al) 
and (A2). 

T h i s  may be more readily  seen  in  equation (A2), which is exactly 
of t h i s  form with X = 0.83 a& b/a = 0.0035. The effect  of changes 
In the assumed value of X a& the a e a m d  values of a ami b w i l l  
be separately ccneidereb. 

Change i n  the assumed value of X, - To indicate the effect of a 
change i n  X in equation (-1, the data of figure 6(b) is re-evaluated 
and plotted in figura 8(b) assuming that X equals 1.0 instead 
of 0.83; that is, 

- =  NU’ 1 + 0.0035 (Pe*)o-8 
Nu 1 + 0.0035 (Pe)Oa8 

The equations that best f i t  the daw points of figure 8(b) are 

It can be seen f’rcdn figure 8 t h a t   e i t h e r  set  of equations (A3, 
A4) or (A7, A8)  fit their respectjve set of data points about equally 
well. No conclusion can be drawn from the  present data as t o  the  true 
value of x. 

Change in  the ass& values of a a d  b. - It is not neuessary 

t o  assume the palu.e~ of both a a& b i n  order t o  evaluate f r o m  
equation (A5). The value of the r a t i o  b/a fs sufficient,  and this has 
been previously assumed equal to 0.0235. It is possible, by using a 
somewhat different method from -that presented in  the “ A n a l y s i e  of Data“ 
section, t o  evalwte the heat-transfer  coefficients assuming a value 
of EL, rather khan b/&. Thie ia desirable since an e s t ” b e  of a 
may be made direct ly  from the  previous data (a is the llmit of the - Nueselt rnznber as the  Peclet number approaches zero). This method of 
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calculating the heat-tmnsfer  coefficients, which follawe, ie basically 
identical to. the method presented i n  the ANALYSIS OF DATA section 
but 

the 
the 

and 

the 

the nmathemtic nmanipubtions are different, 

It was assumed that the equations for the tube and the annulus had 
same farm as  equatiom (14) and (15), respectively. T h a t  is, for 
tube 

hD = a + b (Pe)O*8 
k (A91 

for the annulus 

Combining equations ( A 9 )  and (AlO) to eliminate b 

The heat  tmneferred from the fluid i n  the annulus t o  the wall. 
heat transferred through the w a l l ,  and the heat transferred  to Che 

f lu fd   i n  the inner tube are equal. Thus 

Letting 

AT " 
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15 

C l e a r i n g  equation (Al8) of fracticne and arranging the t e r n  In 
descending powers of hr gives 

Equation (A19) is a quadratic i n  hl which can be solved by the 
quadratic forrmxla. Equation (AI-9) inc ldes ,   in   addi t ion  to quantit ies 
that are known f r o m  the geometry of the test setup or fYm the test 
bta, the two c o m k n t s  a and X. The data of figure 6 (b) was 
recalculated, uefng equations (Al6) an3 (Alg), for values of a = 3, 
3.5, and 4 and with X = 0.83. The three values of a were chosen 
t o  bracket  the probable values fndicated by the data in figwe 6 ( b ) .  

The results for a = 3, 3.5, and 4 are shown In figure 9. 
hcluded  in  the  figure are equations  consistent  with the assumptions 
that best fit the data. These are 

for 9(b) 

NU = 3.5 + 0.016 (PS)O*~ 

Nul = 2.91 + 0.0133 (Pe)Oo8 
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f o r  9(c) 

Nu = 4.0 + 0.014 
Nu' = 3.2 + 0.0116 

NACA RM E51G02 

Comparison of the various  equations. - For the purpoae of com- 
parison,  the  various equations resultiqg f r o m  the different assumgtions . 
of the appedix ((M), (A4); (A7), (A8); (AZO),  (A21); (A.221, (A23); 
a d  (A24), (A25)), and the  relations  given i n  reference 1 (equa- 
t ions  (14) and (15), ANALYSIS OF DA!TA) are  plotted in figure 10. 
From figure 10, it oan be seen that a l l  the  equations fall within a 
relatively narrm band except the relatione  given i n  referenoe 1, 
which are appreoiably  higher  than the others. 

1. Anon.: Liquid-Metals  Handbook. Atomic Energy CollEnission and Bur. 
Ships, Navy Dept., June 1, 1950. 

2. Eckert, E. R. G.: Introduction t o  the Transfer of Heat and Mme. 
M c G m w - H i l l  Book CO. ,  h~., 1950,  pp.  98-100. 

3. Lyon, Richard H.: Force& Convection Heat Trarmfer Theory and 
Experiments with Liquid Metals. Rep. no. ORI'U, 361, Tech. Div., 
Eng. Res. Sec., Oak Ridge Wt. Lab., Bug. 19, 1949, pp:76, 77. 
(Contract W-7405, eng. 26.) 

4. Trefethen, Lloyd " e g o r :  H e a t  Transfer Properties of Liquid 
Metals. Rep. mo. UP-1788, U. S. Atomic Energy Conmission, 
Technical hfonnation  Service (Oak Ridge,  Tern. ) , July 1, 19SO. 
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FngUre 2. - Test Set-Up. 
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A T e s t  Section 
B Heating Sect ion 
C Center-Passage Wet 

M i x i n g  Section 
D Center-Passage Outlet 

Mixing Section 
E Armulus-Inlet 

Mixing section 

Mixing section 
G Thermocouples 
H Main-Pmer Elptr ica l  

Cannectiom 
I contact Point 
3 Suspension Bracket 
IC Insulated Bolts 
L 4Uartz-Wool Ineulation 

F Annulus-Outlet 

” 

Figure 3. - D i a g r a m  of Teat and Heating Sections. 
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Figure 4. - Variation with temperature of ~ o m e  physical  properties of lead- 
bismuth eutectic and 347 stainlese eteel. 
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(a) Runs 1-23. 
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Flgure 5. - Variation of Nusaelt number with Peclet number for lead- 
bismuth eutectic with no wetting agent added. 
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Peclet number 

(b) Runs 24-50. 

Figure 5 .  - Concluded. Variat ion of Nus6elt number with Peclet number 
for lead-bismuth eutectic with no wetting agent added. 
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2x10" 3 4 5 6 2 
Peclet  number 

(a) ~ u n s  51-75. 
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3 4 5 6 8 

Figure 6. - Variation of Nusselt number with Peclet number for  lead-bismuth 
eutectic  with  about 0.04 percent  magnesium added as wetting  agent. 

. 
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Figure 6. - Concluded. Variation of Nuaselt  number with Peclet  number for 
lead-bismuth  eutectic with 8bout.0.04 percent magneaium added 88 wetting 
agent. 
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Peclet  number 
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Figure 7 .  - Variation of Nusselt number w i t h  Peclet number fo r  lead-bismuth 
eutectic, both without wetting agent, and with 0.040-0.045 percent  magnes- 
ium added  as  wettlng agent. Summary of all data  points in figures 5 and 6. 
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Figure 10. - Comparison of the various"correlating"equation6. 
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